Abstract A two-dimensional model of a weakly-ionized hydrogen direct-current (DC) discharge at low pressure is simulated. In the model, the metal electron overflow and secondary electron emission coefficient at the cathode spot are introduced to represent the relationship between the electron and ion density, and the electron energy distribution function is expressed by kinetic theory. The electron current density and reaction constant reasonably set on the boundary are discussed. It is determined that 11 collision reactions play a major role in low pressure and weakly ionized hydrogen discharge. On this basis, the relationship between mobility, electrode spacing, and breakdown voltage is verified. Good agreement is achieved between the simulation curve and Paschen curve.
Introduction
As an important form of gas discharge, glow discharge is a hot topic of research in the field of gas discharge, and plays a pivotal role in the application of weakly ionized plasma. Currently, research in this area is mainly focused on the discharge of inert gas, such as the discharge of argon [1∼3] . However, there are few studies on hydrogen discharge. Actually, there are many advantages with hydrogen, such as better discharge stability, ease in ionization and deionization, low jitter, short pulse crest, high load power and short reset time in pulsed power modulation. Hence, most highpower modulator switches use hydrogen as the working gas. For these reasons, it is necessary to do systematic and quantitative research on hydrogen discharge and the formation of plasma.
In this study, a typical two-dimensional model of hydrogen direct-current (DC) discharge is developed and simulated. The analysis by G. K. GRUBERT on argon plasma discharge is consulted during the modeling process [4] . Though a model of argon DC discharge is developed in G. K. GRUBERT's work, the boundary selection in the model is simple without considering that the electron energy distribution will change with the change in electric field. Simultaneously, coefficient selections in its equations are not entirely accurate. To mitigate these deficiencies, this paper offers necessary amendments and adjustments.
Considering G. K. GRUBERT's work, the reactions that occur in a hydrogen discharge are more complicated than those in an argon discharge [5] . After considering the electron collision cross section results by Jung-Sik YOON et al. [6] , some reasonable choices are made from the 21 reactions in the collision of electrons with hydrogen. The collision cross section data of electrons with hydrogen by H.TAWARAHAS are also used in this paper [7] .
Theoretical analysis
Considering that most power modulator switching devices operate in alow pressure environment and a weakly ionized state, this paper will mainly discuss the hydrogen discharge under these conditions. Fig. 1 is a typical two-dimensional model of DC discharge between electrodes at the room temperature (300 K). Here, the cathode (C) is grounded and the anode (A) electric potential is ϕ, the electrode spacing is d, and the pressure of hydrogen gas between the electrodes is P filled with hydrogen gas with a pressure of P .
Based on the related theory [4, 8] , the ionization of hydrogen molecules can be described by the following equations:
where, n i the ion density, n e the electron density, ϕ the potential, e the elementary charge, ε 0 the vacuum permittivity, j e the electron flux density, j i the ion flux density, D e , D i , and b e , b i the electron and ion diffusion coefficient and mobility, respectively. The electropositive plasma diffusion coefficient and mobility meet the Einstein relation [4, 5, 8] :
Here, k is the Boltzmann constant, k · T e is the electron energy, and k · T i is the ion energy. At room temperature, low pressure and a weakly ionized situation, k · T e = 0.026 eV. The boundary conditions of the equations are set as follows,
Here, γ is the secondary electron emission coefficient ofthe cathode about the hydrogen ion impacting the cathode, E is the electric field intensity, (E/n) c is the reduced electric field , n is the number density of gas molecules, U anode is the anode potential, and γ meets γ ≈ 0.01(E/n) 0.6 c in the 3∼20 kTd range of (E/n) c (1 Td = 10 −17 V·cm 2 ). According to the related theory [8] : the mobility of hydrogen ions in hydrogen can be regarded as constant,
2 /V·S; The electron mobility and E/p values change in an inverse relation, as E/p increases, the migration rate decreases. The changes in the mobility size and pressure can be obtained by direct measurement. Some theoretical analyses of electron mobility were made by HAGELAAR et al. [10] and DUT-TON [11] . A mobility solution model was developed on the basis of the Boltzmann two-term approximation to obtain the electron mobility under some electron energy distribution functions or E/p values. These provide a reference for us.
In accordance with Raizer's discussion [12] :
Here, α is the first Townsend coefficient. It is generally believed that α is a function of the simple field E/n, where n is the neutral gas density. The relationship of α and E/n is often expressed by an empirical formula in the literature [4, 5, 13] . It is often limited to a small E/n range; the non-uniform electric field application of this method is severely limited. For example, it can not be used to study the actual work of power modulation switching. When there is a large changes in the E/n range, α can not readily keep up it [4] , so the relationship of the empirical formula is not used in our modeling.
From the basic definitions of impact ionization coefficient α, the relationship can be espressed as [8] :
Here, σ iz the ionizing cross section. In order to analyze the energy exchange in the H 2 discharge process and take into account Eqs. (6) and (14) depending on the electron energy solution, the continuity equations of energy are shown as,
Here, E is the electric field, σ is the total collision cross section, S ε is the net production rate of electrons. With the unit of energy in volts, n ε is the electron energy density, and j ε is the electron energy flux density. According to associated documents [6, 7, 14, 15] , 5 types of reaction are included in the main group of correlation reactions in hydric-plasma. They are excitation, eliminating excitation, ionization, attachment, and elastic collision. The interaction of electrons and neutral molecules, electron-ion reaction, ion-neutral molecule reaction, neutral-neutral molecule reaction, and wall surface re-combination, amounting to a total of 21 kinds of reactions are included [16] . In the process of hydrogen discharge under low pressure and weakly ionized conditions, most of the electrons may participate in the elastic collision reaction, which is e+H 2 →H 2 +e or e+H→H+e, but the inelastic collision is the key factor to ionizing the work gas and the formation of plasma in the process [17] . Based on this consideration, some reasonable choices are made here in the inelastic collision of electrons with hydrogen. According to the order of the electron energy's increasing, the following 11 main types of reactions are considered: a. When electron energy T e =8.8 eV, hydrogen molecules in the ground state 1 + g will be excited to the exclusion state 3 + u , and then they will be dissociated into two hydrogen atoms. b. When electron energy T e =11.5 eV, hydrogen molecules are excited to the bound state 1 + u , and then produce electric dipole ultraviolet radiation returning to the ground state 1 + g . c. When electron energy T e =11.8 eV, the electron will be excited to the bound state 1 + g , and then create electric dipole radiation that is de-excited to the exclusion state 3 + u and dissociated into two hydrogen atoms. d. When electron energy T e =12.6 eV, the electron will be excited to the bound state 1 u , emit ultraviolet photons and return to the ground state. e. Corresponding to the four excitation reactions, there are four corresponding eliminating excitation reactions. f. When electron energy T e =15.4 eV, hydrogen molecules start to ionize and produce H + 2 . g. In the collision reaction process, there is always an accompanying hydrogen atom attachment reaction 2H→H 2 . Meanwhile, there is always direct attachment of electrons and ions, whose main reaction is e+H + 2 →H 2 . The electron energy required for these reactions is typical, and in various reactions, the incident electron energy T e with a different reaction rate will show a different K diss , which is determined by the size of its cross section.
Thus, by the continuity equation of energy distribution, the incident electron energy T e can be obtained. By using the data of cross-section changes in T e the plasma production rate S can be obtained. Finally, they are substituted into the plasma continuity equation and Poisson equation to make a coupled calculation of all the above equations. After these steps, we can get the distribution of hydrogen ionized into plasma under an electric field and its impact on the external electric field.
Simulation and analysis
Comsol Multiphysics V4.0 is used to fulfill the above modeling aims in this paper.
During the simulation, we note that the boundary of the reference model is too simple [4] . It sets only plasma density n i = 0 at the anode while the electron density and ion density meet the relationship of n e = γ · n i at the cathode. The plasma model based on the above boundary can only explain the formation of cathode sheath and plasma region generated. But it does not consider the transformation process and space charge accumulation. In fact, both of them are important and decisive.
In this study, we first confirm that the boundary at the anode is reasonable with n i = 0. At the same time, we note the relationship between the generation of secondary electrons and the energy of cathode hit by ion. The positive ions generated by impact ionization and its energy is directly related to the ionization reaction. So, the metal electrons overflowing and secondary electron emission coefficient are introduced to represent the relationship between the electron and ion density. The electron energy distribution is characterized by kinetic theory, so the electron flux density j e can be reasonably set at the electrode boundary. By considering the space charge accumulation and setting the reaction constant at the insulation boundary, the positive ion density on the insulation boundary can be obtained. Based on these settings, the electric field solution will be more accurate.
The settings for the related parameters are as follows.
The cathode material is copper, the work function is 4.65 eV, the H 2 pressure is 1 Torr in the electrode gap, the initial average electron energy is 2 eV in hydrogen, and it is assumed that in electronic energy follows the Boltzmann distribution in each finite element mesh. The plasma density is n e = γ ·n i , near the cathode, and n i = 0 near the anode.
The electronic density of 1 × 10 15 m −3 determines the conditions for breakdown, and the threshold of the discharge current is as indicated by the breakdown criterion. The simulation results will have a discrepancy with the Paschen breakdown criterion, especially in the calculation of the minimum breakdown voltage.
Based on the finite element method, using the drive voltage and pole distance as the parameters, the relationship between the minimum breakdown voltage U and the product of pressure and distance pd can be obtained obtain by calculation. We can also validate the feasibility and accuracy of the simulation by comparing its outcomes with the generally accepted results.
Taking into account the importance of mobility in the breakdown process, we first focus on the impact of mobility in the simulation.
Analysis of breakdown under different mobilities
The horizontal axis in the following figures is the electrode spacing. The vertical axis is the electron density. The left side is the anode, and the right side is the cathode. Description of the curve: under the conditions of an electrode spacing of 1.585 cm, the voltage of the electrode spacing is 300 V. It describes the distribution of the electron density in space for two different moments after the breakdown. The solid line is earlier than the dotted line.
As shown in simulation we find that, when the migration rate coefficient b e is 1.5, the system will not be broken down under the above conditions. It means that, when the electron mobility is relatively low, the system will not acquire conduction. When b e is 2.0, the system achieves conduction. By comparing Figs. 2∼4 we can determine that b e = 2.0 corresponds to the time of breakdown 1.9 × 10 −6 s, b e = 2.5 corresponds to 1.1×10 −6 s, and b e = 3.0 corresponds only to 6.3×10 −7 s. Obviously, the system is easier to discharge breakdown under higher mobility. During the simulation, we set the value of mobility at 0.5, 1, 5, 10, 20 and change the driving voltage and electrode spacing. Dozens of calculation results prove that the model system can not achieve conduction. This illustrates that the range of breakdown mobility in our model is 2.0∼3.0.
Considering the time of 10 −4 s, we summarize the following points in Table 1 , in which b e is the constant mobility, N is the electron density after 10 −4 s, and t is the breakdown time.
It can be seen in Table 1 that, although the migration rate increases will reduce the electron density N, they can reduce the breakdown time as well. 
Breakdown simulation with different electrode spacing
Figs. 5∼10 are the distribution of electron spacing where b e is 3.0 and the voltage is 280 V. The time corresponding to the solid line is earlier than that of the dotted line.
By simulation, it is found that, when the electrode spacing is 4 mm, the system fails to discharge breakdown. The reason is, when the electrode spacing is too small, the primary electrons move and collide with neutral molecules between the two electrodes, and the number of ionizing neutral molecules cannot meet the threshold conditions for the formation of plasma. When the electrode spacing is set to 6 mm, a discharge break- down is realized and a self-sustaining discharge is achieved. Then with an electrode spacing of 8 mm, 10 mm, 12 mm, 14 mm, and 15.85 mm, a self-sustaining discharge occurs throughout. It can be found that the change in the electrode spacing has no effect on the sheath thickness, but has a great influence on the electronic distribution in the positive column region, and the thickness of the positive column increases with the electrode spacing. When the thickness of the positive column is too small, it is difficult for the electronic distribution peak to keep the high-power conduction current stable. But note that it is not always better with a larger electrode spacing. When the electrode spacing is set to 18 mm, the system cannot achieve discharge conduction. This shows that, when the electrode spacing is too large, too much primary electron energy provided by the system is lost during the long-distance movement and collision, so it cannot provide the conditions for conduction. Compared to the results of simulation with different electrode spacings, when the electrode spacing is set to about 15 mm, the thickness of the positive column and other regions have the most suitable proportions to meet the conduction-stable conditions.
Simulation and discussion of breakdown voltage
Tables 2∼4 show the results of the breakdown situation where the migration rate is 3.0, and the voltages of 240 V, 260 V, and 280 V correspond to different electrode spacings.
We have also performed a simulation under the conditions b e =3.0 and U =220 V, where we failed to have a breakdown.
Therefore, it can be found from the simulation results that breakdown will occur when d =0.8 cm and U =240 V, but breakdown cannot occur when U =220 V. It shows that the minimum breakdown voltage of hydrogen is slightly less than 240 V. This is very close to the satisfactorily measured results from a Cu electrode (214 V).
Comparison between simulation curve and Paschen curve
Corresponding to the discharge model as shown in Fig. 1 , according to Eqs. (10)∼(13), in comparison with the Paschen curve, and under standard atmospheric pressure, we have made a simulation of the relationship between the breakdown voltage and electrode spacing. In the selection of simulated points, it must be ensured that the relation curve is smooth. The data can be obtained as in Table 5 . Based on these data we can obtain the curve as shown in Fig. 11 . In the figure, the solid line is the simulated curve, and the dotted curve is one taken from the literature [8] . While there appears to be a low peak at the left and right boundary of the simulated curve, and horizontal anastomosis of the two curves presents a deviation from the results in published literature, the two curves are consistent with the overall trend. It is noted that the positive column is basically neutral and the pressure drop is close to zero during the simulation process, without considering the degree of the spatial line. If we take this factor into account and make the simulation points multiplied by the coefficient 2, the simulation curve can agree well with the Paschen curve. This shows that our model, the selection of the collision type and consideration of the boundary are reasonable. In addition, as can be seen from Table 5 , as E/p increases, mobility decreases, and the minimum breakdown voltage can be found under the distance corresponding to this trend. This is fully consistent with the basic theory of gas discharge [8, 12] . 
Conclusion
Through simulation and comparison with previous research, we have drawn conclusions as follows.
a. In the 21 types of hydrogen collisions, the main contribution to the ionization process is the 11 collision reactions identified in "Theoretical analysis".
b. When electrode spacing d =0.8 cm, and the minimum breakdown voltage of hydrogen is slightly less than 240 V, the electric field corresponding to the mobility is b = 3.0. 
